A great variety of triterpenoid glycosides occur in plants. Three groups of these compounds are recognized on the basis of their aglycone structure: triterpene glycosides (saponins), steryl glycosides, and steroid glycosides (cardiac glycosides, steroidal glycoalkaloids, etc.). All these substances have attracted the attention of natural product chemists and plant biochemists for many years. The chemical structures of hundreds of triterpenoid glycosides have been elucidated and the biosynthetic pathways leading to the formation of various triterpenoid aglycones are relatively well understood. However, much less is known about the biosynthesis of the sugar chains of these glycosides. This paper will briefly review recent studies on plant enzymes catalysing glycosylation of triterpenes and sterols. Two important aspects will be discussed in more detail; (i) the specificity of glycosyltransferases participating in the glycosylation reactions and (ii) the subcellular localization of these enzymes.
A great variety of triterpenoid glycosides occur in plants. Three groups of these compounds are recognized on the basis of their aglycone structure: triterpene glycosides (saponins), steryl glycosides, and steroid glycosides (cardiac glycosides, steroidal glycoalkaloids, etc.). All these substances have attracted the attention of natural product chemists and plant biochemists for many years. The chemical structures of hundreds of triterpenoid glycosides have been elucidated and the biosynthetic pathways leading to the formation of various triterpenoid aglycones are relatively well understood. However, much less is known about the biosynthesis of the sugar chains of these glycosides. This paper will briefly review recent studies on plant enzymes catalysing glycosylation of triterpenes and sterols. Two important aspects will be discussed in more detail; (i) the specificity of glycosyltransferases participating in the glycosylation reactions and (ii) the subcellular localization of these enzymes.
Enzymic glucosylation ofplant sterols
Unlike other triterpenoid glycosides, which are typical secondary metabolites occurring only in some plant species, steryl glycosides seem to be present in all tissues of all higher plants. More recently they have also been found in some algae, fungi and slime moulds. Very little is known about the physiological function of steryl glycosides. The accumulating evidence suggests that these compounds are components of plant membrane structures together with free sterols. It seems possible that reversible processes of glycosylation and deglycosylation of sterols present in plant cell membranes may have a regulatory effect on membrane organization and function due to changes in lipid-lipid and/or lipid-protein interactions (Forsee et al., 1974; Wojciechowski, ~ 1980) . The sterol moiety of plant steryl glycosides consists of typical phytosterols. The sugar part consists usually bf a single molecule of D-glucose attached to the OH 2
Fig. 1. Typicalplant steryl glycosides
Sitosteryl glucoside (1) and 6'-O-palmitoyl sitosteryl glucoside (2).
C-3 hydroxy group of the sterol. In single cases steryl monogalactoside, monomannoside, monoxyloside, gentiobioside and celobioside have also been isolated from plant tissues (for review see Eichenberger, 1977) . In photosynthesizing organisms a portion of the steryl glycosides occur in an acylated form, i.e. as steryl 6'-O-acyl-/3-~-monoglucoside (see Fig. 1 ) in which the carbohydrate moiety is additionally esterified at the C-6 position with a long-chain fatty acid. The most frequent fatty acid moieties are palmitate, stearate, oleate, linoleate and linolenate.
The enzymic glucosylation of phytosterols, with the utilization of UDP-glucose as a source of the carbohydrate moiety, was first demonstrated with a cell-free particulate preparation from immature soybean (Hou et al., 1967) and since then confirmed by experiments with homogenates and various subcellular fractions from many higher plants (for reviews see Eichenberger, 1977; Wojciechowski, 1980) . The glucosyltransferase present in higher plants is tightly membranebound but can be solubilized with use of detergents such as Triton X-100 or deoxycholate and partially purified by usual protein fractionation techniques such as gel permeation chromatography, ion-exchange chromatography or electrophoresis (Yoshikawa 8c Furuya, 1979; Wojciechowski et al., 1979 ). An approx. 7O-fold purification was obtained for the enzymes from Calendula oficinalis seedlings (Wojciechowski 8c Van Uon, 1975) or from Digitalis purpurea cell cultures (Yoshikawa & Furuya, 1979) . Glucosyltransferase from white mustard (Sinapis aha) seedlings, which was partially purified by gel filtration on Sephadex G-150 and extensively studied in our laboratory, has an M , of approx. 140000 (Wojciechowski et al., 1979) . For this enzyme the apparent K, values for UDP-glucose and sitosterol are 8.0 x 1 0 -5~ and 5.0 x 1 0 -6~, respectively. More recent studies indicate that similar glucosyltransferases catalysing the formation of steryl P-D-monoglucosides are present also in green algae (Hopp et al., 1978) and in a number of non-photosynthesizing organisms such as fungi (Parodi, 1978; Wojciechowski & Zimowski, 1979 ; tyinik 8c Wojciechowski, 1980) and slime moulds (Wojciechowski et al., 1977 (Wojciechowski et al., , 1979 . Microplasmodia of the slime mould Physarurn polycephalurn seem to be a particularly rich source of the enzyme. This glucosyltransferase was purified about 28-fold and characterized in our laboratory (Wojciechowski et al., 1979) . It differs in many respects from the glucosyltransferase isolated from higher plants. Glucosyltransferase of Ph. polycephalurn is weakly bound to cell membranes and can be easily solubilized, without the use of detergents, by acetone treatment of particulate fractions and buffer extraction. In contrast to the enzyme isolated from higher plants it is not stimulated by divalent metal ions and low concentrations of detergents. Its M , is 67000, i.e. about half that of the glucosyltransferase present in white mustard seedlings. The apparent K, values are 1.8 x lOV4m for UDP-glucose and 5.6 x 1 O P 6~ for sitosterol.
As concerns the possible functions of sterol glucosylation in plant cells an important question arises concerning the possibility that glucosyltransferases are not really specific for sterols, i.e. is the main function of these enzymes in plant cells VOl. 1 I the glucosylation of sterols? Our detailed studies of the specificity of partly purified enzyme preparations from white mustard seedlings (a higher plant) and Ph. polycephalum microplasmodia (a non-photosynthesizing organism) show clearly that, at least in both these cases, glucosyltransferases can be really regarded as specific for sterols as glucose acceptors (Wojciechowski et al., 1979) . Despite certain dissimilarities in their specificity patterns both enzymes glycosylate only sterols or sterol-like substances containing the C-3 hydroxy group in the P-configuration and which have a planar ring system (trans coupling of A and B rings or a double bond at C-5). For example, of the four fully saturated, isomeric C,, sterols (5a-cholestanol, epicholestanol, coprostanol and epicoprostanol) differing in configuration of the hydroxy group at C-3 (a or 8) and/or in the coupling of rings A and B (trans or cis) only cholestanol (5a-cholestan-3~-ol) is glucosylated both by white mustard and Ph. polycephalum enzymes. All known plant sterols, except for some of their metabolites, are 3P-hydroxy compounds containing a planar ring system. Thus, glucosyltransferases from white mustard and Ph. polycephalum can be regarded as specific sterol glucosylating enzymes. This conclusion is confirmed by their inability to glucosylate tetraand pentacyclic triterpenes, structurally related to sterols, such as lanosterol, cycloartenol, 24,25-dihydrolanosterol or P-amyrin (Z. A. Wojciechowski & J. Zimowski, unpublished work) . If planarity of the ring system and /?-configuration of the hydroxy group are fulfilled a number of C,,-C,, 4-demethylsterols can be glucose acceptors in the reaction catalysed by the enzyme. The number and position of double bonds in the ring system and/or in the side chain, as well as the presence or absence of alkyl groups in the side chain at C-24, are of secondary importance, influencing only the glucosylation rate. In contrast to the enzyme from Ph. polycephalum, which is unable to glucosylate sterols with shortened side chain, the enzyme from white mustard seedlings can glucosylate a number of androstane or pregnane derivatives. The 3 8-hydroxy derivatives of androstane and pregnane are natural metabolites in a number of higher plants where, in some cases, they occur as glucosides (for review see Geuns, 1977) . It seems therefore that the same glucosyltransferase catalyses the glucosylation in uiuo of sterols and 3P-hydroxy pregnane or androstane derivatives in these plants. UDP-glucose is the most efficient glucose donor in both cases, but the enzyme from Ph. polycephalum can also utilize CDP-glucose and TDP-glucose, although, at about a 6-fold lower rate. The above results indicate clearly that both Ph. polycephalum and white mustard enzymes can be regarded as specific UDP-glucose :sterol glucosyltransferases with a broad specificity pattern with respect to natural 4-demethyl sterols. Certain differences in their specificity towards donors and acceptors of the glucosyl moiety suggest, however, a different structure of the active sites in both enzymes Another important question concerns the intracellular localization of UDP-glucose :sterol glucosyltransferase. It is generally accepted that the activity in the chloroplasts or mitochondria is slight, if any, whereas it mainly occurs in 'heavy' membrane fractions with densities ranging from 1.13 to 1.17 g/cm3. Our studies with cell-free preparations from onion stems and Calendula oflcinalis seedlings (Wojciechowski & Van Uon, 1975; Wojciechowski & Lercher, 1976) showed clearly similar distributions of glucosyltransferase and latent IDPase upon centrifugation of cell organelles in sucrose density gradients. On this evidence we suggested that UDPglucose :sterol glycosyltransferase is specifically localized in Golgi membranes. Such a localization was confirmed by other authors in experiments with cucumber fruits (Wardale et al., 1978) and mung bean hypocotyls (Bowles et al., 1977 ) also on the basis of the similar subcellular distribution of P-glucan synthetase I (of high affinity for UDP-glucose) which is known as a Golgi marker. The same localization of the enzyme was recently suggested for the glucosyltransferase in the green alga Prototheca zopfii (Hopp et al., 1978) on the grounds of similar intracellular distribution of thiamin pyrophosphatase which is regarded as a Golgi marker in animal cells. On the other hand, there is good evidence that in maize coleoptiles the activity is mainly associated with the membrane fraction containing N-naphthylphthalamic acid binding sites and Pglucan synthetase I1 (of low affinity for UDP-glucose), both being regarded as' plasmalemma markers (Hartman-Bouillon et al., 1979) . The occurrence of UDP-glucose :sterol glucosyltransferase both in plasma membrane and Golgi membranes (dicytosomes) is not surprising since according to the membrane-flow hypothesis these two types of cell membranes are biogenetically closely related.
Formation of acylated steryl glycosides
It has been demonstrated by several authors (Heinz et al., 1975; Eichenberger & Siegrist, 1975; Ptaud-Lenoel & Axelos, 1972; Axelos & Pkaud-Lenoel, 1976; Wojciechowski & Zimowski, 1975; Forsee et al., 1976; Baisted, 1978) that various subcellular fractions from various plant organs convert 14C-or 3H-labelled steryl glucosides into their 6-O'-acyl derivatives using endogenous acyl donors. In some cases a distinct stimulation of steryl glucoside acylation took place in the presence of some acyl lipids added to the incubation mixture. This suggested that these acyl lipids were directly utilized for the acylation of steryl glucosides as fatty acid sources. Such a mechanism of the biosynthesis of acylated steryl glucosides was later confirmed using some phospholipids (Wojciechowski & Zimowski, 1975; Forsee et al., 1976) or galactosylglycerides (Heinz et al., 1975; Eichenberger & Siegrist, 1975) Zimowski, 1975) catalysed acyl transfer from some phosphoglycerides, mainly phosphatidylethanolamine, but were unable to utilize fatty acids from galactosylglycerides. On the other hand, acyltransferase from broad bean leaves (Heinz et al., 1975) utilized only galactosylglycerides (both mono-and digalactosyldiacylglycerols) while an enzyme preparation from carrot roots (Eichenberger & Siegrist, 1975) preferentially utilized galactosylglycerides but to some extent also phosphoglycerides. Contradictory results were also presented on some other properties of the acyltransferase from different sources. These included subcellular localization, optimum pH and effect of detergents on the enzyme activity. This led to suggestions (Heinz et al., 1975; Wojciechowski, 1980 ) that in higher plants there are at least two types of acyltransferase catalysing the biosynthesis of acylated steryl glucosides. A cytosolic enzyme is specific for galactosylglycerides and a particulate enzyme is specific for phosphoglycerides. However, it cannot be excluded that the differences in the properties of the enzyme reported by various authors may be due to noncomparability of the conditions employed for enzyme isolation and activity assays. Our recent studies (J. Zimowski & Z. A. Wojciechowski, unpublished work) strongly suggest such a possibility. We were able to obtain from white mustard seedlings partly purified, relatively stable preparations of actyltransferase which catalysed the acylation of steryl glucoside. This preparation showed an absolute requirement for exogenous acyl lipids as fatty acid sources for steryl glucoside acylation. Galactosylglycerides (both mono-and digalactosyldiacylglycerols) and, at somewhat lower rate, phosphoglycerides (phosphatidylethanolamine, phosphatidylcholine and phosphatidylserine) were active in this process. The utilization of galactosylglycerides and phosphoglycerides is most probably catalysed by the same enzyme since it is not possible to separate activities of acyltransferase with both these acyl donors by gel filtration on Sephadex G-150. Both activities emerge as a single peak with M , of approx. 130000. Acyltransferase preparations from wheat roots, carrot roots or broad bean leaves obtained by the same method and assayed under identical incubation conditions show very similar specificity patterns with respect to various acyl donors.
Biosynthesis of triterpene glycosides
In contrast to steryl glycosides, triterpene saponins are typical secondary metabolites present only in some plant species. A great variety of triterpene glycosides have been isolated which differ in the structure of both the aglycone and sugar moieties. These compounds are characterized by a relatively complex structure of carbohydrate moieties, containing in some cases more than ten sugars, often in the form of branched chains. Only sparse data on the biosynthesis of these sugar chains are available. A brief summary of our studies on the enzymic synthesis of the carbohydrate chains of oleanolic acid glycosides in Calendula oflcinalis seedlings will be given below.
Flowers and leaves of C. oflcinalis contain six structurally related oleanolic acid glycosides (A-F, see Fig. 2 ) (Kasprzyk & Wojciechowski, 1967; Kintia et al., 1974) . Three of them, containing sugars exclusively at the 3phydroxyl of oleanolic acid, are the 3 /3-glucuronoside (F), the 3'-galactosyl glucuronoside (D) and the 4'-glucosyl-(3'-galactosyl)glucuronoside (B).
The remaining three glycosides, D,, C and A, are glucoside esters of glycosides F, D and B, respectively, containing an additional glucose bound to the C-17 carboxyl group of the aglycone. Preliminary studies in vivo (Kintia et al., 1974) of the dynamics of labelling of the individual glycosides with [2-14Clmevalonate have suggested that their synthesis, most probably, proceeds by the way of stepwise elongation of the sugar chain. This suggestion was confirmed by further studies with cell-free enzyme preparations from C. oflcinalis seedlings. The first step in this process is the synthesis of oleanolic acid 3~-glucuronoside from free oleanolic acid and I4C-labelled UDP-glucuronate (Wojciechowski, 1975) . The corresponding enzyme seems to be highly specific for oleanolic acid, as a number of triterpenes structurally related to oleanolic acid, such as methyl oleanolate, 8-amyrin, erythrodiol or echinocystic acid, are not utilized as glucuronate acceptors. This glucuronosyltransferase is membrane-bound and mainly occurs in the crude microsome fraction (105 OOOg pellet). Further experiments confirmed that this enzyme is localized in the endoplasmic reticulum. After sucrose density gradient centrifugation the glucuronosyltransferase activity was observed to coincide with the microsomal marker, glucose-6-phosphatase. The next step is the formation of the C-28 glucosidic bond by glucose transfer from UDP-glucose to glycoside F with the formation of glycoside D,. This reaction seems to be catalysed by a soluble (cytosolic) enzyme. This glucosyltransferase also seems to be a specific enzyme, since glycosides D and B are glucosylated at C-28 at much lower rates while free oleanolic acid cannot serve as the acceptor.
The consecutive stages of sugar chain elongation at C-3 of the aglycone can be followed experimentally by incubations of the homogenate from Calendula oflcinalis seedlings with 14C-labelled UDP-galactose using glycosides F or D, as acceptors or with UDP-glucose using glycosides D or C as acceptors. In these cases the best results were obtained with the particulate fraction sedimenting between 300 and 15 000g containing mainly chloroplasts and mitochondria. However, it is clear that the above enzymic activities involved in sugar chain elongation are localized in cell structures different from chloroplasts or mitochondria, since the distribution of these activities in the subfractions obtained by sucrose gradient centrifugation was not consistent with the distribution of chlorophyll (a chloroplast marker) or succinate dhydrogenase (a mitochondria1 marker). On the other hand the distribution of these activities coincided with that of UDP-glucose :sterol glucosyltransferase. As pointed out earlier, UDP-glucose :sterol glucosyltransferase is localized VOl. 1 1 in Golgi membranes and/or in plasma membrane. Thus, our results suggest that the consecutive steps of sugar chain elongation in oleanolic acid glycosides are catalysed by specific glycosyltransferases localized in three different cell compartments, namely the endoplasmic reticulum, cytosol and Golgi membranes (and/or plasmalemma) as shown in Fig. 3 .
Introduction
Protein glycosylation is a universal feature of all eukaryotic organisms and has been the subject of intensive studies for several years. Lipid-linked saccharides, or lipid-intermediates, of a type similar to those involved in the biosynthesis of cell wall polysaccharides in bacteria (see, for example, Hemming, 1974) have also been shown to participate in the formation of glycoproteins. The present short review tries to summarize the current state in plant systems. Since much of the initial work has been carried out in animal and yeast, reference will be made to those studies. For a more detailed bibliography the reader is referred to recent reviews (Parodi & Leloir, 1979; Elbein, 1979; Hubbard & Ivatt, 198 1 ; Lehle, 198 la).
Structure of glycoproteins
As is the case with glycoproteins of animal origin, plant glycoproteins are a diverse group with regard to their structure and include compounds such as structural proteins, enzymes, storage proteins, lectins, toxins and glycoproteins for which no biological role has emerged yet (Brown & Kimmins, 1977; Sharon & Lis, 1979; Selvendran & O'Neill,,l982) . Whereas the structures of many animal glycoproteins have been characterized (Kornfeld & Kornfeld, 1976) , considerably less information is available in plants.
N-Glycosidically linked chains. One major group of glycoproteins have an N-glycosidic linkage between the anomeric carbon of N-acetylglucosamine and the amide N of asparagine. In spite of the enormous variety and heterogeneity of these oligosaccharide chains in terms of their size and structure, they can be classified into three groups as outlined in Fig. 1 . In particular it should be noted that they have the pentasaccharide structure GlcNAc,Man, in common, which led to the concept, later proven, that there is a common route for the biosynthesis of these oligosaccharides (see below). The best example of a well-characterized high-mannose type structure in plants is that of soya bean lectin ( Fig. 2 Gal --+ GlcNAc .
Gal --+ GlcNAc Fig. 1 . Generalized structures of N-glycosidically linked oligosaccharides The broken arrows indicate possible linkages with various sugar residues. In high-mannose type chains these are exclusively mannose residues, whereas in complex-type chains they consist of GlcNAc, Gal and sialic acid. 
